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Kvb1 Subunit Binding Specific for Shaker-Related
Potassium Channel a Subunits
Sabine Sewing, Jochen Roeper, and Olaf Pongs 1989). Kv channels may form a4b4 heteromultimers in
vivo (Parcej et al., 1992). Recently, we and others haveZentrum fuÈ r Molekulare Neurobiologie
Institut fuÈ r Neurale Signalverarbeitung described the primary sequences of several bovine, rat,
and human b subunit cDNAs (Scott et al., 1994a; RettigMartinistrasse 52
D-20246 Hamburg et al., 1994; Majumder et al., 1995; Morales et al., 1995;
Pongs, 1995). Coexpression of some of the cloned KvbFederal Republic of Germany
subunits with Kv1a subunits conferred rapid A-type in-
activation on noninactivating Kv1 channels (delayed rec-Summary
tifiers) in expression systems in vitro.
Apparently, certain Kva and Kvb subunits utilize inac-Voltage-activated potassium (Kv) channels from mam-
tivating domains that have similar properties. A-type Kvmalian brain are hetero-oligomers containing a and b
channel a subunits harbor within their amino-terminalsubunits. Coexpression of Kv1a and Kvb1 subunits
sequence an inactivating domain that can rapidly blockconfers rapid A-type inactivation on noninactivating
the internal mouth of the channel upon depolarizationpotassium channels (delayed rectifiers) in expression
of the membrane (Hoshi et al., 1990; Ruppersberg etsystems in vitro. We have delineated a Kv1.5 amino-
al., 1991). A ball-and-chain type mechanism has beenterminal region of up to 90 amino acids (residues 112±
proposed to explain this amino-terminal (N-type) inacti-201) that is sufficient for interactions of Kv1.5a and
vation of A-type Kva subunits (Zagotta et al., 1990). Kvb1Kvb1 subunits. Within this region of the Kv1.5 amino
subunits also contain an amino-terminal inactivating do-terminus (residues 193±201), a Kvb1 interaction site
main (ªb-ballº) with structural similarity to the ªa-ballºnecessary for Kvb1-mediated rapid inactivation of
(Heinemann et al., 1994; Rettig et al., 1994). Both a andKv1.5 currents was detected. This interaction site mo-
b subunits may provide an inactivating N-type ball do-tif (FYE/QLGE/DEAM/L) is found exclusively in the
main for the formation of heteromultimeric A-type KvShaker-related subfamily (Kv1). The results show that
channels. Therefore, the assembly of different combina-hetero-oligomerization between a and Kvb1 subunits
tions of a/b Kv channel subunits may considerably in-is restricted to Shaker-related potassium channel a
crease the complexity and diversity of A-type Kvsubunits.
channels.
In theory, if any combination between Kva and KvbIntroduction
subunits were possible, an almost infinite number of
structurally and functionally distinct Kv channels couldVoltage-activated potassium (Kv) channels are impor-
be created. Thus, it is important to understand the mo-tant determinants of membrane excitability that are in-
lecular rules that determine their assembly into hetero-volved in the regulation of wave forms and frequencies
multimeric Kv channels. It has been shown that a sub-of action potentials and in the setting of thresholds and
units from different Kv subfamilies do not combine toresting potentials of membranes (Hille, 1992). Kv channel
form heteromultimers (Covarrubias et al., 1991). By con-
a subunits are encoded by an extended gene family
trast, a subunits from the same subfamily readily form(Butler et al., 1989; Salkoff et al., 1992; Chandy and
heteromultimeric Kv channels (Christie et al., 1990; Isa-Gutman, 1994). Most of these genes segregate into four
coff et al., 1990; Ruppersberg et al., 1990). Apparently,subfamilies, each of which is structurally and evolution-
a subunit assembly is controlled by subfamily-specificarily related to one of the four Drosophila genes Shaker
assembly domains (Li et al., 1992; Shenet al., 1993; Shen(Kv1), Shab (Kv2), Shaw (Kv3), and Shal (Kv4). Thus, the
and Pfaffinger, 1995). In this report, we have studiedKv channel family consists of many members having
the interaction of Kvb1 subunits with a subunits usingdiverse activation, inactivation, and conductance prop-
protein overlay assays in combination with heterologouserties (Rudy, 1988; Pongs, 1992; Chandy and Gutman,
a1b coexpression studies. Our results show that Kvb11994; Jan and Jan, 1994). With respect to inactivation,
subunit binding is restricted only to Kv1a subunits, be-two main types of Kv channels have been observed:
cause they contain a specific binding domain for Kvb1delayed-rectifier type Kv channels, which do not inacti-
subunits. These results show that only a distinct set ofvate rapidly (i.e., in the millisecond time scale); and fast,
Kva subunits can coassemble with Kvb1 into hetero-transiently active (A-type) Kv channels, which inactivate
oligomeric Kv channels in the mammalian nervousrapidly. A-type Kv channels may operate in the sub-
system.threshold range of action potentials and fulfill important
regulatory functions for encoding pre- and postsynaptic
nervous signals. Results
Kv channels purified from rat (Rehm and Lazdunski,
1988) and bovine brain (Parcej and Dolly, 1989) are het- The coexpression of members of the Shaker-related
Kv1a subunit family with Kvb1 or Kvb3 subunits in theero-oligomeric complexes consisting of two different
types of subunits: membrane-bound, pore-forming a Xenopus laevis oocyte expression system elicits volt-
age-activated outward currents upon depolarization,subunits and the smaller b subunits. The b subunits
appear to be peripheral proteins tightly associated with which rapidly inactivate to varying degrees (Rettig et al.,
1994; Majumder et al., 1995; Morales et al., 1995). Inthe cytoplasmic side of the a subunits (Parcej and Dolly,
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Figure 1. Coexpression of Kv1.5 and Kvb1 Mediates Fast-Inactivating Potassium Currents
(A and B) Recordings were obtained in the standard whole-cell patch-clamp configuration (Hamill et al., 1981) from 293 cells 6 hr after
microinjection of Kv1.5 (A) or Kv1.51Kvb1 (B) mRNA (50 ng/ml). Outward currents were elicited by 200 ms depolarizing pulses of increasing
amplitudes in steps of 10 mV from a holding potential of 280 mV. For comparison, only the first 50 ms of the current responses is displayed.
(C) Voltage dependency of activation for the Kv1.5 (closed triangles) and Kv1.5/Kvb1-mediated (open circles) currents depicted in (A) and (B),
given as normalized conductances. A Boltzman function was fitted to the activation data of Kv1.5 with half-maximal activation at 114.0 mV
and a slope of 10.1 mV, which also well describes the activation curve of the Kv1.5/Kvb1-mediated currents.
(D) Steady-state inactivation of Kv1.5/Kvb1-mediated potassium currents was determined using a 1 s prepulse to increasing potentials from
260 mV to 115 mV in steps of 5 mV, followed by a 200 ms test pulse to 140 mV. Symbols represent normalized mean data obtained from
four independent experiments. Standard errors are smaller than symbol size. The mean data were fitted to a Boltzman function with a half-
maximal inactivation of 225.4 mV and a slope of 2.6 mV.
agreement with previous results obtained in the Xeno- did not observe that Kvb1 conferred a rapid inactivation
behavior on the noninactivating outward currents medi-pus oocyte expression system (Swanson et al., 1990),
Kv1.5a subunits, in CHO and 293 cell line expression ated by Kv2- and Kv3-type a subunits (data not shown).
Thus, the interaction of Kvb1 may be restricted to mem-systems, mediated voltage-activated noninactivating
outward currents in the absence of b subunits (Figure bers of the Kv1a subunit family.
1A). When the Kv1.5a subunits were coexpressed with
Kvb1, fast-transient (A-type) outward currents were ob-
Subfamily-Specific Kvb1 Binding to theserved. The currents inactivated rapidly, with a time
Amino Terminus of Kva Subunitscourse that could be fitted with a single exponential,
This hypothesis was addressed by studying the interac-but the currents did not fall to baseline at the end of a
tion of Kvb1 with Kva subunit domains in protein overlay200 ms test pulse (Figure 1B). A residual steady-state
assays (see Figures 2, 4, and 6). For this purpose, wecurrent representing z30% (30.6% 6 2.6%; n 5 12)
generated several fusion protein constructs (see Experi-of the transient peak current was observed. It did not
mental Procedures) in order to express the cytoplasmicinactivate within the millisecond time range.
amino- and carboxy-terminal domains of Kv1.1, Kv1.5,The inactivation time constant at 140 mV (ti 5 4.4 6
Kv3.4, and Kv4.2. The fusion proteins were purified from0.4 ms; n 5 12) of the rapidly inactivating Kv1.5/Kvb1
bacterial lysates and blotted onto nitrocellulose mem-current was very similar to the ones reported previously
branes. The membranes were then incubated withfor the rapid inactivation of the Kv1.1/Kvb1- and Kv1.4/
35S-labeled Kvb1 translated in vitro. The results demon-Kvb1-mediated A-type currents (Rettig et al., 1994).
strated that the Kv1.5 amino terminus, but not the Kv1.5Also, coexpression of Kvb1 did not affect the activation
carboxyl terminus, bound [35S]Kvb1 (Figures 2A and 2B).range of Kv1.5 channels (Figure 1C). The mean half-
Similar results (i.e., Kvb1 binding to the amino but notmaximal activation for Kv1.5 occuring at 12.2 6 1.8 mV
(n 5 5) was not significantly different from that deter- the carboxyl terminus) were obtained with Kv1.1. By
contrast, [35S]Kvb1 did not bind to the amino termini ofmined for Kv1.5/Kvb1 (11.2 6 1.3 mV; n 5 5). The steady-
state inactivation for coexpressed Kv1.5 and Kvb1 had Kv3.4 and Kv4.2, members of the Shaw- (Rettig et al.,
1992) and Shal-related (Baldwin et al., 1991) Kv channelits half-maximum at 225.4 mV (Figure 1D). The combina-
tion of the voltage dependencies of steady-state activa- subfamilies, respectively. These data corroborate our
notion that the interaction of Kvb1 with Kva subunits istion and inactivation indicates a relatively small window
current mediated by this particular a/b Kv combination. restricted to Kv1a subunits. Moreover, the results, as
summarized in Figure 5, indicate that the Kv1a subunitWhen we tested combinations using a subunits from
other Kv subfamilies (e.g., Kv2 or Kv3 with Kvb1), we interaction site(s), which specifies Kvb1 binding, is most
Kvb1 Subunit Binding
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Figure 2. Kvb1 Subunit Interaction with Cy-
toplasmic Domains of Kv Channels from Rat
Brain
(A) Autoradiogram of SDS±polyacrylamide
gel of in vitro translated, 35S-labeled Kvb1
probe. The Kvb1 subunit migrates with an Mr
of 44.7 kDa, consistent with that predicted
from the rat Kvb1 sequence (Rettig et al.,
1994).
(B) Coomassie blue±stained SDS±polyacryl-
amide gel (CB) of purified glutathione S-trans-
ferase (GST) and His-tagged (HIS) Kv fusion
proteins and an autoradiogram of the corre-
sponding nitrocellulose membrane blot
([35S]Kvb1) incubated with in vitro translated,
35S-labeled Kvb1 probe. The exposure time of
the autoradiogram was 14 hr. Fusion proteins
contained either the cytoplasmic amino ter-
minus of Kv1.1 (GST Kv1.1N14±162; Bau-
mann et al., 1988), Kv1.5 (HIS Kv1.5N1±242;
Swanson et al., 1990), Kv3.4 (HIS Kv3.4N1±
227; Rettig et al., 1992), or Kv4.2 (HIS
Kv4.2N1±183; Baldwin et al., 1991), or the cy-
toplasmic carboxyl terminus of Kv1.1 (GST
Kv1.1C354±495; Baumann et al., 1988) or
Kv1.5 (GST Kv1.5C518±602; Swanson et al.,
1990). The numbers indicate first and last
amino acid residues of Kv sequence in each
construct. Binding of Kvb1 is detectable only
to the Kv1.1 and Kv1.5 amino termini. Posi-
tions of protein molecular weight markers are
as indicated.
likely contained in cytoplasmic amino-terminal do- amino terminus and generated Kv1.5D1±131 a subunits
lacking the first 20 residues of the 30-residue-long T1Amain(s).
subdomain, which is important for assembly of Kv1a
subunits (Li et al., 1992; Shen et al., 1993; Shen andCarboxy-Terminal Half of the Kv1 Amino
Pfaffinger, 1995). Probably as a consequence, Kv1.5D1±Terminus Is Sufficient for Kvb1 Function
131/Kvb1-mediated A-typecurrents (Figure 3) werediffi-The sequence alignment of Kv1 amino termini (Chandy
cult to detect in the in vitro expression system. Onlyand Gutman, 1994) shows that the amino-terminal se-
about 10% of the cells microinjected with Kv1.5D1±131quences may be divided into a nonconserved amino-
mRNAs, with or without Kvb1 (n 5 80), contained func-terminal half varying in length from 33 to178 amino acids
tional Kv1.5 channels. In addition, these channels exhib-and a largely conserved carboxy-terminal half almost
ited a rapid rundown behavior unusual for Kv1.5. Theinvariably 130 amino acids long. The nonconserved
inactivation time constant (t i 5 26.6 6 3.5 ms; n 5 4)Kv1.5 amino-terminal sequences correspond to resi-
of Kv1.5D1±131/Kvb1-mediated currents was increaseddues 1±111, and the conserved ones to residues 112±
z3-fold in comparison with Kv1.5D1±111/Kvb1 A-type242. Deletion of the nonconserved amino-terminal half of
currents. The deletion of residues 112±131, comprisingKv1.5 (Kv1.5D1±111) did not affect the ability of Kv1.5a
part of the T1A subdomain for subunit assembly, per-subunits to mediate voltage-activated, noninactivating
turbed both the expression of functional Kv1.5 channelsoutward currents in the absence of Kvb1 or the rapidly
and the interaction with Kvb1 conferring rapid Kv1.5inactivating outward currents in the presence of Kvb1
channel inactivation. A complete deletion of the Kv1.5(Figure 3). The inactivation time constants at 140 mV
T1A subdomain (Kv1.5D1±144) apparently generated(ti 5 8.4 6 1.0 ms; n 5 5) of the rapidly inactivating
nonfunctional Kv1.5a subunits, since no current aboveKv1.5D1±111/Kvb1 current component and the size of
background could be elicited after RNA microinjectionthe steady-state component (43.9% 6 4.6%; n 5 5) were
(n 5 20; data not shown). Thus, the results show thatsimilar to those determined for wild-type Kv1.5/Kvb1-
the first 111 amino acids of the Kv1.5 amino terminusmediated A-type currents (see above). Next, we ex-
tended the deletion into the conserved half of the Kv1.5 do not play a significant role and that presence of the
Neuron
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Figure 5. Diagram of a KvaSubunit and Amino- and Carboxy-Termi-
nal Domains used for Protein Overlay Assays
Black boxes illustrate six putative transmembrane segments (S1±
S6). Cytoplasmic amino- and carboxy-terminal domains of the Kva
subunits used in this study are depicted as bars. The numbers ofFigure 3. Coexpression of Amino-Terminal Kv1.5 Deletion Mutants
the first and last amino acids in each construct are given. Kvb1with Kvb1
binding to each construct in protein overlay assays (see Figures 2Outward currents were elicited by 200 ms depolarizing pulses to
and 4) is indicated at right.140 mV from a holding potential of 280 mV in whole-cell patch-
clamp configuration. Amino-terminal deletion mutants of Kv1.5
missing the first 111 (Kv1.5D1±111) or 131 (Kv1.5D1±131) amino
Kv1.5N1±201 (lacking the last 41 residues) did not haveacids were heterologously expressed in CHO/dhFr2 cells, with or
any detectable Kvb1 binding activity (Figures 4 and 5).without Kvb1 as indicated. Current amplitudes ranged from 0.2 to
This result indicated that we had either directly or indi-1.0 nA and were normalized to peak for comparison.
rectly eliminated a Kvb1 interaction site on the Kv1.5
amino terminus. Inspection of the Kva subunit se-
quences revealed that in the Kv1.5N1±201 deletion mu-carboxy-terminal half (residues 112±242) of the Kv1.5
amino terminus is sufficient for expression of functional, tant, a sequence motif corresponding to Kv1.5 amino
acid residues 192±208 had been disrupted, which israpidly inactivating Kv1.5/Kvb1 channels.
highly conserved in the Kv1a subunit family (Figure 6A).
Therefore, we hypothesized that this motif or parts ofConserved Kv1 Sequence Motif
for Binding Kvb1 it might possibly specify a Kvb1 interaction site. The
sequence of this motif (R/KFYE/QLGE/DEAM/L--When we introduced carboxy-terminal deletions within
the Kv1.5 amino terminus, we found that a relatively FREDE) contains predominantly polar and only a few
hydrophobic (6 out of 17) amino acids. Candidate polarsmall deletion close to the carboxy-terminal end of the
Kv1.5 amino terminuscaused loss of [35S]Kvb1 binding in residues in the motifwere replaced by in vitro mutagene-
sis either with neutral amino acids (e.g., R192A andthe protein overlay assays (Figure 4). Whereas deletion
mutants Kv1.5N1±220 and Kv1.5N1±211 (lacking the last R205Q) or with amino acids of opposite charge (e.g.,
R203E). Candidate hydrophobic residues were substi-22 or 31 residues, respectively,of the Kv1.5 amino termi-
nus) bound [35S]Kvb1 like wild type, the deletion mutant tuted for alanine by in vitro mutagenesis. The ability of
Figure 4. Kvb1 Subunit Interaction with
Kv1.5 Deletion Mutants
Coomassie blue±stained SDS-polyacrylamide
gel (CB) of wild-type and mutant Kv1.5 amino
termini (HIS Kv1.5N1±220, HIS Kv1.5N1±211,
and HIS Kv1.5N1±201) expressed as HIS fu-
sion proteins (marked by asterisks) in total E.
coli lysates. Autoradiogram of corresponding
overlay ([35S]Kvb1) of nitrocellulose transfer
with 35S-labeled Kvb1 probe. Numbers indi-
cate Kv1.5 first and last amino acid residues
in each deletion construct. Additional band in
the HIS Kv1.5N1±211 lane maybe aggregated
fusion protein. A similar high molecular
weight band was seen in overlays with puri-
fied HIS Kv1.5N1±242 at longer exposures.




Figure 6. Identification of Kvb1 Interaction
Site on Kv1a Subunits by MutationalMapping
(A) Alignment of Kv1a subunit amino acid se-
quences harboring the amino-terminal Kvb1
interaction site indicated by the bracket (bot-
tom). Identical amino acids are diagrammed
as conserved sequence. Dots under the se-
quence denote the location of point muta-
tions introduced into Kv1.5. The first and last
amino acids of each Kv1a subunit sequence
are numbered according to their location in
the derived primary sequences (Chandy and
Gutman, 1994).
(B) Coomassic blue±stained SDS±polyacryl-
amide gel of E. coli lysates (CB) containing
HIS fusion proteins of wild-type and mutant
Kv1.5 amino termini (R192A, F193A, Y194A,
L196A, M201A, and R205Q) and autoradio-
gram of corresponding overlay ([35S]Kvb1) of
nitrocellulose transfer with in vitro translated,
35S-labeled Kvb1 probe. Note that the Kvb1
binding domain maps to Kv1.5 amino-termi-
nal residues 193±201. It is possible that this
domain does not renature properly when resi-
dues 202±242 of the Kv1.5 amino terminus
are missing. This may explain the lack of
Kvb1-binding activity of Kv1.5N1±201 (see Fi-
gure 4). Exposure time of the autoradiogram
was 14 hr.
mutant Kv1.5 amino termini to interact with [35S]Kvb1 evoked peak current amplitudes were consistently 5- to
10-fold smaller than wild type. In the presence of Kvb1,was then determined (Figure 6B). Mutations of polar
amino acids (e.g., R192A, R203E [data not shown], and Kv1.5a subunits with mutations between amino acids
193 and 201 mediated voltage-activated outward cur-R205Q) did not perturb Kvb1 binding. By contrast, ala-
nine substitution of hydrophobic amino acids (e.g., rents in which the rapid inactivation time course had
been markedly slowed or completely eliminated (FigureF193A, Y194A, L196A, and M201A) dramatically reduced
Kvb1 binding (Figure 6B). Band intensities of the Kv1.5/ 7B). In comparison with wild-type Kv1.5 (ti 5 4.4 6 0.4
ms; n 5 12), the inactivation time constants ti had in-Kvb1 complexes were not significantly above back-
ground for Kv1.5 mutants F193A, Y194A, and L196A creased z2-fold when Kv1.5 F193A or M201A mutants
were coexpressed with Kvb1, and z10-fold upon coex-when the protein overlay assays were normalized for
protein concentrations and averaged over four experi- pression of Kv1.5 Y194A with Kvb1 (Figure 7C). The most
dramatic effect was observed with Kv1.5 L196A, whichments. Kvb1 binding activity for Kv1.5 mutant M201A
was reduced z25-fold (n 5 4) in comparison with the may not functionally interact with Kvb1, since Kv1.5
wild-type amino terminus. Thus, the mutational analysis L196A±mediated outward currents were not affected
indicated that the Kv1.5 amino terminus may contain an by the presence of Kvb1 (Figure 7B). Kv1.5a subunits
interaction site for binding Kvb1, located between amino carrying mutations upstream of F193 (e.g., R192A) or
acid residues 193 and 201. Apparently, the sequence of downstream of M201 (e.g., R203E, F204A, and R205Q)
this site is highly conserved among Kv1a subunits, as elicited, in the presence of Kvb1, fast-transient outward
outlined in Figure 6A. currents indistinguishable from those obtained by coex-
pression of Kvb1 and wild-type Kv1.5 (Figures 7B and
7C). The results of the coexpression studies of Kv1.5Functional Characterization of
mutants with Kvb1 are consistent with the reductionKvb1 Binding Site
of Kvb1 binding seen in the overlay assays describedTo determine the importance of the sequence motif for
above. However, a quantitative correlation was not at-Kvb1 function, the mutations described above were in-
tempted because of thevery different conditions in over-troduced into full-length Kv1.5a subunits. Expression
lay and coexpression studies. In conclusion, substitu-of the Kv1.5 mutants generated Kv1.5 channels that
tions of critical residues within the Kv1.5a subunitmediated noninactivating, voltage-activated outward
interaction motif FYQLGDEAM reduced or eliminatedcurrents with properties identical to wild type (Figure 7).
For some Kv1.5 mutants (F193A, Y194A, and L196A), the ability of Kvb1 to confer rapid inactivation on Kv1.5
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Figure 7. Kvb1-Dependent Inactivation
Mode of Voltage-Dependent Kv1.5 Channels
Is Affected by Mutations in the Kv1.5 Amino
Terminus
(A and B) Outward potassium currents were
elicited by 200 ms depolarizing pulses to 140
mV from a holding potential of 280 mV in
whole-cell patch-clamp configuration. Wild-
type (A) or mutant (B) Kv1.5a subunits were
heterologously expressed in mammalian cell
lines (293 and/or CHO/dhFr2 cells), with or
without Kvb1 as indicated. Current ampli-
tudes ranged between 0.3 and 5 nA and were
normalized to peak for comparison. Activa-
tion kinetics in the Kv1.5 mutants tested
(R192A, F193A, Y194A, L196A, M201A,
R203E, F204A, and R205Q) were not signifi-
cantly different from that of Kv1.5 (time to
peak [t] at 140 mV was 8.1 6 1.3 ms; n 5
8). Upon coexpression of Kvb1, time to peak
decreased about 2.5-fold for Kv1.5 (t 5
2.9 6 0.2 ms; n 5 12) and to a similar degree
for Kv1.5 mutants R192A, F193A, M201A,
R203E, F204A, and R205Q, but activation
times for mutants with perturbed b-interac-
tion (Kv1.5 Y194A1Kvb1: t 5 5.2 6 0.1 ms,
n 5 4; Kv1.5 L196A1Kvb1: t 5 6.8 6 0.3 ms,
n 5 4) were significantly slower. Lowexpress-
ing mutants (<1 nA; F193A, Y194A, and
L196A) were studied in CHO/dhFr2 cells to
avoid interference by endogenous outward currents. CHO/dhFr2 cells possessed lower endogenous background outward currents (<30 pA
at 140 mV) than 293 cells (<300 pA at 140 mV). Control experiments showed no significant kinetic differences between fast-transient
Kv1.51Kvb1 currents expressed in CHO/dhFr2 (ti 5 4.4 6 0.5 ms; n 5 6) or 293 cells (ti 5 4.4 6 0.6 ms; n 5 6). Injection of H2O or of 50 ng/
ml Kvb1 RNA into 293 or CHO/dhFr2 cells did not elicit outward currents above background or fast inactivation of endogenous outward
currents.
(C) Inactivation time constants (t i) for wild-type Kv1.5 and mutant Kv1.5a subunits coexpressed with Kvb1. Inactivation time constants (ti)
were determined by fitting the decay phase of the whole-cell currents with a monoexponetial function. Data are given as mean 6 SEM. In
Kv1.5 L196A1Kvb1, only the slowly inactivating component (ti . 1 s) was detectable, which was present to the same degree when only Kv1.5
L196A was expressed. A similar, slowly inactivating component was seen in Kv1.5 and all other Kv1.5 mutants. Asterisks indicate statistically
significant differences (*, p , .05; **, p , .005; Student's t test).
channels. The conservation of the Kvb1 interaction motif of the rate of a1 subunit activation and its voltage depen-
dence. All calcium channel b subunits investigated so faron Kv1a subunits suggests that all Kv1a subunits may
have the capacity to interact with Kvb1 to attain rapid invariably caused a steepening and shift of the voltage
dependence of activation to more negative membraneinactivation behavior.
potentials. They also affect calcium channel inactiva-
tion, although to differing degrees. It has been sug-Discussion
gested that the mechanisms regulating activation and
inactivation are separate aspects of calcium channelThe assembly of different heteromultimeric protein com-
plexes underlies the diversity of voltage-gated sodium, b subunits (Olcese et al., 1994). Whether this reflects
distinct interaction sites on calcium channel a1 subunitscalcium, and potassium channels in the mammalian ner-
vous system (Isom et al., 1994). The channels are com- is presently not clear. The b subunit binding site of cal-
cium channel a1 subunits, which has been mapped byposed of a pore-forming principal subunit (a or a1) and
up to four more subunits that may have auxiliary func- an approach similar to the one used in this report (Prag-
nell et al., 1994), was localized to the I±II cytoplasmictions. The sodium channel b subunits appear tobe mem-
brane-spanning proteins, whereas the calcium and Kv linker close to the IS6 transmembrane domain. We
showed the Kvb1 interaction site to be localized to achannel b subunits are not integral membrane proteins.
Previously, we and others have noted that, unlike the cytoplasmic amino-terminal region in front of the S1
transmembrane domain of Kv1a subunits (Figure 8).pore-forming a subunits, calcium and Kv channel b sub-
units do not belong to the same superfamily (McCor- These topologically different b subunit binding site loca-
tions on calcium and Kv channel a (a1) subunits probablymack and McCormack, 1994; Scott et al., 1994a; Pongs,
1995). The structural unrelatedness suggests that both reflect the differing functional aspects of calcium and
Kv channel b subunits in channel gating. Also, note thetypes of b subunits may have evolved from separate
ancestor genes. distinct stoichiometries of one b subunit per calcium
channel, but four b subunits per Kv channel (Parcej etVoltage-gated calcium channel b subunits exert auxil-
iary functions in calcium channel gating (Lacerda et al., al., 1992). Moreover, the calcium channel b subunit (Mori
et al., 1991; Singer et al., 1991; Pragnell et al., 1994)1991; Hullin et al., 1992; Neely et al., 1993; Soong et al.,
1993; Olcese et al., 1994). They are important regulators binds to the closely related skeletal and cardiac muscle
Kvb1 Subunit Binding
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Figure 8. Diagram of Location of Kvb1 Sub-
unit Binding Domain on Amino Terminus of
Shaker-Related Potassium Channel a Sub-
units
Topological model of Kv channel a subunit
(Jan and Jan, 1994) indicates membrane-
spanning domains S1±S6 (cylinders). Mem-
brane is shaded. A P loop contributes to pore
formation and S4 to voltage sensing (1).
Black ribbons (T1A and T1B) correspond to T1
domains (Shen and Pfaffinger, 1995) impli-
cated in the assembly of Shaker a subunits.
The triangle denotes the location of the Kvb1
(b) interaction site. Box below the diagram:
location of Kvb1 binding site within primary
Kv1.5 T1B sequence (amino acids 147±216).
dihydropyridine-sensitive a1 subunits as well as to the sequence motif we identified in the T1B domain is an
important determinant for the specificity of a/b subunitmore distantly related neuronal a1A and v-conotoxin-
assembly. This does not exlude the possible presencesensitive a1B subunits. By contrast, we demonstrate that
of additional Kvb1 interaction sites in the region definedKvb1 binding is restricted to the closely related Kv1a
by residues 112±201 from playing important roles insubunits. The more distantly related Kva subunit families
binding Kvb1. From our results, it may be inferred that(e.g., Kv2±Kv6; Chandy and Gutman, 1994) do not con-
different regions within the T1 domain control Kv1a sub-tain the Kvb1-binding domain. It is possible that each
unit assembly and interaction with Kvb1 subunits. Prob-Kv subfamily forms a distinct hetero-oligomer with other,
ably, subfamily-specific structural variations of the a/bnot yet identified b subunits. Alternatively, it may turn
subunit interaction sites underlie the mechanism of sub-out that the hetero-oligomerization between Kva and
family-specific recognition of Kvb subunits by Kva sub-Kvb subunits is unique for the Kv1 (Shaker) subfamily.
units. Thus, it will be interesting to determine the speci-Our characterization of the Kv1.5a and Kvb1 subunit
ficity and the interaction sites for other Kvb subunitsinteraction site(s) is based on the combined results of
like Kvb2 and Kvb3, which have been cloned recentlyoverlay binding assays and electrophysiological a1b
(Pongs, 1995).coexpression experiments. Therefore, only functional
Kv1.5a subunits could be considered for delineating the
Experimental ProceduresKvb1 interaction site(s). Consequently, Kv1.5D1±131 a
subunits were not included in our analysis because of
Cell Culture and mRNA Injections
their perturbed expression. The results define a region 293 or CHO/dhFr2 cells were maintained under standard conditions
of up to 90 amino acids within the Kv1.5 amino terminus in modified Dulbecco MEM/F12 medium. Cells were plated on poly-
L-lysine-coated Cellocate grids at low density (Eppendorf, Federal(residues 112±201) that is sufficient for Kvb1 interaction.
Republic of Germany) and microinjected with solutions containingThis region overlaps with the amino-terminal T1 domain
50 ng/ml mRNA for each subunit (Ikeda et al., 1992). Kv1.5 and Kvb1of Shaker-related Kva subunits (Figure 8), which speci-
cDNAs were cloned into pAKS expression vector for in vitro mRNA
fies subfamily-specific assembly of the Shaker-related synthesis as described (StuÈ hmer et al., 1989).
Kv1a subunits (Li et al., 1992; Shen et al., 1993; Shen
and Pfaffinger, 1995). Two regions within the T1 domain, Electrophysiological Recordings
Patch-clamp recordings wereperformed 4±8 hr after injection. PatchT1A and T1B, have been shown to be critical for subunit
pipettes were pulled from borosilicate glass with resistances of 2±4assembly. The A region extends over 30 amino acids
MV. Series resistance compensation (50%±75%) was used to obtain(residues 112±141 within the Kv1.5 amino terminus) and
voltage errors <5 mV. The pipette solution contained 95 mM
the B region over 70 amino acids (residues 147±216 K±aspartate, 20 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 11 mM EGTA,
within the Kv1.5 amino terminus) (Shen and Pfaffinger, 10 mM HEPES, 2 mM glutathione, and 2 mM Na2ATP (pH 7.2 with
KOH). The bath solution contained 135 mM NaCl, 5 mM KCl, 2 mM1995), but specific amino acids within these regions that
CaCl2, 2 mM MgCl2, and 5 mM HEPES (pH 7.4 with NaOH). Currentare important for a subunit assembly have not yet been
recording, data acquisition, and analysis were as described (Rettigidentified. The Kv1.5D1±144 deletion eliminates the A
et al., 1994). Records were digitized at 5 kHz and filtered with low-
region of the Kv1.5 T1 domain, and it is therefore likely pass Bessel filter with a 1 kHz cutoff frequency. All experiments
that this mutant cannot assemble to form functional were done at 308C 6 0.58C. The fast inactivating current component
was well described with a monoexponential function using a least-potassium channels. Within the B region of the T1 do-
square fit routine.main (Figure 8), we have mapped a Kvb1 interaction site
(residues 193±201). Point mutations within this site did
Construction of Expression Clones
not eliminate functional Kv1.5a subunit expression, but and Protein Expression
these sites were necessary for Kvb1-mediated rapid A cDNA fragment of Kv1.1 coding for amino-terminal amino acids
14±162 was isolated from a Kv1.1 subclone (nucleotides [nt] 1±483inactivation of Kv1.5 currents. We propose that the Kv1
Neuron
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in pSP 64; Baumann et al., 1988) by digestion with XmaIII, filling in room temperature, air-dried, and exposed for 4±14 hr to X-ray film
(X-OMAT AR, Kodak). Overlays were scanned with a Fuji computing59 overhanging ends by Klenow fragment of DNA Polymerase I and
subsequent digestion with EcoRI. This fragment containing nt 38± densitometer.
483 was cloned into SmaI±EcoRI-cut pGEX-2T DNA (Smith and
Johnson, 1988), yielding pGEX-Kv1.1N. A pGEX expression clone Acknowledgments
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Kv1.1C, and GST±Kv1.5C. NdeI±BamHI Kv1.5N (nt 761±1486, aa Received July 24, 1995; revised October 27, 1995.
1±242; accession number M27158), Kv3.4N (nt 400±1080, aa 1±227;
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